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Ligand-Induced Tuning of the Electronic Structure of

Rhombus Tetraboron Cluster
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A neutral boron carbonyl complex B,(CO); is generated in the
gas phase and is characterized by infrared plus vacuum
ultraviolet (IR+VUV) two-color ionization spectroscopy and
quantum chemical calculations. The complex is identified to
have a planar G, structure with three CO ligands terminally
coordinated to a rhombus B, core. It has a closed-shell singlet
ground state that correlates to an excited state of B,. Bonding

Introduction

The electronic structures play an essential role in the determi-
nation of various physical and chemical properties of molecular
systems.® Low-band gap compounds such as polycyclic
hydrocarbons with closed-shell and open-shell states have
shown their potential applications to the dye chemistry, non-
linear optics, and energy storage devices.” A series of non-
Kekule molecules with tunable singlet-triplet energy spacings
have also been synthesized.® Recent investigations have shown
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analyses on B,(CO); as well as the previously reported B, and
B,(CO), indicate that the electronic structure of rhombus
tetraboron cluster changes from a close-shell singlet to an
open-shell singlet in B,(CO), and to a close-shell singlet in
B,(CO);, demonstrating that the electronic structures of boron
clusters can be effectively tuned via sequential CO ligand
coordination.

that boron-based molecules exhibit unique electronic structures
due to the electron deficiency of boron and mimic the bonding
properties and reactivity of transition-metal complexes.*'?

CO is an important ligand for the efficient tuning of
electronic structures of metal clusters that are important in
many heterogeneous and homogeneous catalytic processes,
such as Fischer-Tropsch chemistry, hydroformylation, and acetic
acid synthesis."*'® The diatomic B, molecule is a single bonded
species with a triplet electronic ground state in
(109)(10,)%(20,)*(20,)(17,) (17,)'  configuration, in which two
valence electrons are in the o bonding orbital (20,), two valence
electrons are in the o antibonding orbital (20,), and two
unpaired electrons are in the two degenerate m bonding
orbitals (1m, and 1m,), respectively."”! Upon coordination of two
CO ligands, the OCBBCO complex was determined to have a
closed-shell singlet ground state that correlates to an excited
state B, with B=B triple bonding."® Binding of two CO ligands
to the rhombus B, cluster with a closed-shell singlet ground
state leads to the B,(CO), complex, which was determined to be
a o-m diradical with an open-shell singlet ground state."” We
now report the extension of binding of three CO ligands to B,.
The results show that the coordination of an additional CO
ligand to B,(CO), induces a change of electronic structure from
an open-shell singlet to a closed-shell singlet, demonstrating
that the electronic structures of boron clusters can be
effectively tuned via sequential CO ligand coordination.

Experimental and Theoretical Methods

The experiments were performed using the infrared +vacuum
ultraviolet (IR+VUV) two-color ionization spectroscopy appara-
tus using the VUV free electron laser (VUV-FEL) described in
detail previously.”® Briefly, the neutral boron clusters were
generated by laser vaporization of ''B-enriched boron rod

© 2022 Wiley-VCH GmbH
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target with a pulsed 532 nm laser (Nd:YAG, Beamtech Optronics
Co., Ltd.), and then carried into the reaction tube through a
nozzle (3 mm diameter, 20 mm long) by the pulsed (Parker
General Valve, Series 9) buffer gas with a 1.5 MPa backing
pressure. The reaction gas (5%CO+ 10%Ar+85%He) at a
backing pressure of 1.5 MPa was injected into the reaction tube
by another pulsed valve (Parker General Valve, Series 9), and
then react with the prepared pure boron clusters. The cluster
beams passed through a 4-mm-diameter skimmer and an
aperture with a 3-mm opening. Neutral clusters in the
molecular beam were near-threshold ionized by the VUV-FEL
pulse and mass-analyzed in the reflectron time-of-flight mass
spectrometer (TOF-MS). The tunable IR light pulse was
introduced at approximately 20 ns prior to the VUV-FEL pulse in
a crossed manner. The heating of neutral clusters via the
resonant absorption of IR photons can lead to enhanced
ionization efficiency for a given cluster when its ionization
potential is just above the VUV photon energy. Inasmuch as
clusters with different sizes have different ionization potentials,
a size-specific neutral cluster B,(CO), can be softly ionized
without fragmentation by carefully optimizing the wavelength
and pulse energy of VUV-FEL and the IR pulse energy. The TOF-
MS spectral signals of a size-specific B,,(CO)," are not interfered
with the signals of smaller and larger clusters. Mass selection of
B,,(CO), can then be achieved by monitoring the B,(CO),*
channel in the TOF-MS spectrum. Here, the IR spectrum of
mass-selected B,(CO); was recorded by monitoring the
enhancement in the mass spectral signal intensity of B,(CO);"
at the VUV-FEL wavelength of 143.00 nm as a function of IR
wavelength.

The operating frequencies of the pulse valve, the 532-nm
laser, and the VUV-FEL were 20 Hz, while that of the IR laser was
10 Hz. The IR spectra were obtained in the difference mode of
operation (IR laser on minus IR laser off). The IR spectrum was
determined by converting the measured relative enhancement
of the mass spectrometric ion signal (/(v)/l,) upon irradiation
with IR light to relative absorption cross sections o(v) using
o(v) = —In[I(v)/I,)/P(v). The normalization with the IR laser pulse
energy P(v) accounted for the variations of P(v) over the tuning
range. Typical spectra were recorded by scanning the IR laser in
steps of 2cm™' and averaging over 900 laser shots at each
wavelength. IR power dependence of the signal was measured
to ensure that the enhanced ionization efficiency was linear
with IR photon flux.

The Dalian Coherent Light Source (DCLS) facility delivered
the VUV-FEL light with a continuously tunable wavelength
region between 50 and 150 nm. For recording the pulse
spectral characteristic (wavelength, intensity, time profile), an
online VUV spectrometer was used to monitor each single VUV-
FEL pulse. The tunable IR laser beam was generated by a
potassium titanyl phosphate/potassium titanyl arsenate optical
parametric oscillator/amplifier system (OPO/OPA, LaserVision)
pumped by an injection-seeded Nd:YAG laser (Continuum
Surelite EX). This system was tunable from 700 to 7000 cm™
with a line width of 1 cm™". The IR wavelength of the OPO laser
output was calibrated using a commercial wavelength meter
(HighFinesse GmbH, WS6-200 VIS IR).

ChemPhysChem 2022, 23, 202200060 (2 of 5)

Quantum chemical calculations were performed using the
Gaussian 09 package.”” The structures were optimized at the
MN12SX/aug-cc-pVTZ level of theory. Relative energies were
calculated for 0K structures, which include the zero-point
vibrational corrections. The resulting stick spectra were con-
voluted by a Gaussian line shape function with a 8 cm™ full
width at half-maximum (FWHM). The (U)CCSD(T)/6-311+ G(d)
single-point energy calculations on the (U)CCSD(T)/6-31G(d)
optimized structures were carried out to determine the
electronic structures.

Results and Discussion

The measured IR spectrum in the carbonyl stretching frequency
region for ''B,(CO), is shown in Figure 1a. The experimental IR
spectrum exhibits three bands labeled as A, B, and C, which
appear at 2111, 2169, and 2211 cm™' (Table 1), respectively.
These band positions feature the carbonyl stretching modes as
compared to the previously reported boron carbonyl
complexeS.H1,18719,22730]

To assign the experimentally observed IR spectral features
and to identify the geometric and electronic structures of
B,(CO);, quantum chemical calculations were carried out at the
MN12SX/aug-cc-pVTZ level of theory. The lowest energy
carbonyl structure consists of a planar rhombus B, core with
three CO ligands terminally bonded to three B atoms, for which

(c) triplet (+1.5)

(b) singlet (0.0)
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Figure 1. Experimental IR spectrum (a) and calculated IR spectra of the
singlet state (b) and the triplet state (c) of ''B,(C0O),. The calculations were
performed at the MN12SX/aug-cc-pVTZ level of theory. The structure with
atom labels is embedded in the inset. Relative energies are listed in
parentheses in kcalmol ™.
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Table 1. Comparison of the band positions (in cm™") of neutral ''B,(CO);
complex measured in the present work to those of the singlet state
calculated at the MN12SX/aug-cc-pVTZ level of theory (IR intensities are
listed in parentheses in kmmol™). The labels for the atoms are indicated in
the structure in Figure 1.

Band Exptl. Calcd. Assignment

A 2111 2120 antisymmetric CO stretching mode of the
(6176) C101 and C202 ligands

B 2169 2193 symmetric CO stretching mode of the C101
(174) and C202 ligands

C 2211 2259 CO stretching mode of the C303 ligand
(852)

the triplet state (°B,) is 1.5 kcal/mol higher in energy than the
closed-shell singlet state ('A,). The calculated IR spectra of the
singlet and triplet of the lowest-energy carbonyl structure are
shown in Figure Tb and 1c, respectively. Note that the IR
spectrum of B,(CO); was measured by enhanced ionization
efficiency in the linear IR absorption scheme, the experimental
band intensities were proportional to the IR absorption
strengths. Thus, the experimental IR spectrum resembles the
linear absorption spectrum. The intensities are then more
diagnostic for assigning structures than the frequencies based
on conventional quantum chemical calculations, since standard
computational tools give direct access to calculating linear
absorption spectra, generally within the harmonic approxima-
tion, but are difficult to extend to the multiple absorption
case.”"

As shown in Figure 1, the spectrum of the singlet B,(CO),
provides excellent match to the experimental IR spectrum. The
calculated band at 2120 cm™" is due to the antisymmetric
stretching mode of the C101 and C202 ligands (Table 1), which
is consistent with the experimental value of band A
(2111 cm™"). The calculated symmetric stretching mode of the
C101 and C202 ligands at 2193cm™ is close to the
experimental value of band B (2169 cm™"). The calculated band
at 2259 cm™' is due to the stretching mode of the C303 ligand,
which is in accord with the experimental value of band C
(2211 cm™). The band positions and intensities of calculated IR
spectrum of the triplet B,(CO); are clearly discrepant from the
experimental spectrum. Thus, the observed B,(CO); complex
can confidently be assigned to have a closed-shell electronic
structure.

The identification of the singlet ground state for B,(CO),
presents a striking difference from B,(CO),, which was charac-
terized to have an open-shell singlet ground state,”" indicating
that the binding of CO ligands to B, induces a significant
change of electronic structures. To elucidate the mechanism of
CO-induced tuning of the electronic structures in the B,
B,(CO),, and B,(CO); series, the (U)CCSD(T)/6-311+ G(d)//
(U)CCSD(T)/6-31G(d) calculations were carried out. Relative
energies of the closed-shell singlet, open-shell singlet, and
triplet states of B,, B,(CO),, and B,(CO), are given in Table 2. The
bonding schemes of B,(CO), and B,(CO); are depicted in
Figure 2.

B, has a close-shell singlet ground state with a valence
electron configuration of ... (bs,)%(@g)*(@y)°(0;,)°(b5g) 23" As
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Table 2. Relative energies (in kcalmol™') of different electronic states of B,
B,(CO),, and B,(CO); calculated at the (U)CCSD(T)/6-311 + G(d)//(U)CCSD(T)/
6-31G(d) level of theory.

Cluster Close-shell singlet Open-shell singlet Triplet
B, 0.0 +4.6 +33.0
B,(CO), 0.0 —25.2 —24.3
B4(CO); 0.0 +27 +37

shown in Figure S3, the highest occupied molecular orbital
(HOMO, a,) is a delocalized ¢ bonding orbital, while the lowest
unoccupied molecular orbital (LUMO, a,) is a o* antibonding
orbital between the B3 and B4 atoms (see Figure 1 for the labels
of the atoms). The LUMO+1 (b;,) and LUMO+2 (b,,) are the
nonbonding orbitals consisting of the p, (B1) and p, (B2) atomic
orbitals, respectively. The HOMO-1 (bs,) is a fully-delocalized &
bonding orbital among the four B atoms. The large HOMO-
LUMO gap (207.1 kcal/mol) validates the preferred closed-shell
singlet ground state. In the triplet state of B,, one ¢ bonding
electron of HOMO is excited to the LUMO o* antibonding
orbital (Figure S3), remarkably elevating its energy which is
higher than the singlet state by 33.0 kcal/mol (Table 2).

The B,(CO), complex was characterized to have an open-
shell 'B,, ground state,"” which can be regarded as bonding
between an excited state B, with electron configuration of
o (b3,)(@g) (@) (b1,)°(byy)" and two CO ligands. As shown in
Figure 2a, the vacant a, and b,, orbitals of B, serve as primary
acceptor orbitals for donation from the 50 lone pair orbitals of
the two CO ligands, forming the fully occupied HOMO-11 and
HOMO-12 ¢ donation bonding MOs of B,(CO),. The singly
occupied b,, orbital and the HOMO (b,,) interact with the 2m*
antibonding MOs of the CO ligands in forming the m back-
donation bonding MOs of B,(CO), (HOMO-1 and SOMOT1 in
Figure 2a). The singly occupied &t backdonation bonding orbital
lies very close in energy to another SOMO, which is a B3-B4 o
bonding orbital (SOMO2). Consequently, the B,(CO), complex is
a o-nt diradical. The disjoint pattern of the o and m orbitals, as
well as the dynamic spin polarization effect leads to the
violation of Hund's rule, resulting in an open-shell singlet
ground state.?'%*®

The coordination of the third CO ligand forms the closed-
shell singlet state B,(CO); complex, which correlates to the
excited state of B,(CO), with the singly occupied o electron
being excited to the & orbital. In this circumstance, the ¢ orbital
is empty and serves as the primary acceptor orbital for donation
from the 50 lone pair orbital of the third CO ligand in forming
the ¢ donation bonding MO (HOMO-17 in Figure 2b). The =&
backdonation bonding orbital (LUMO in Figure 2b) formed
between the antibonding 2mt* orbital of the third CO ligand and
the vacant orbital of B,(CO), (LUMO+3) lies higher in energy
than the it backdonation bonding orbital involving the first two
CO ligands (HOMO in Figure 2b). The closed-shell singlet state
with a moderate HOMO-LUMO gap of 138.1 kcal/mol is favored
over the triplet or open-shell singlet state for B,(CO),. The triplet
state is predicted to be 3.7 kcal/mol higher in energy than the
closed-shell singlet state at the (U)CCSD(T)/6-311+ G(d)//
(U)CCSD(T)/6-31G(d) level. Since the two SOMOs of the triplet

© 2022 Wiley-VCH GmbH



Chemistry
Europe

European Chemical

Research Article

ChemPhysChem

doi.org/10.1002/cphc.202200060

(a) A — Qe

0.1 { o
@:bwmou-h
‘\}‘LUMO+ o )Q
0.0 — LUMO ==i * - @ ")
u%m iy Aumo ;

-0.1 —

-0.2 —

03— u@t HOMO = -

-0.4 —

-._SONIOF
Sooh -~
- ; @

ind
HOMO-1 ¥ o ®

Orbital energy (Hartree)

0.5
/+ c \‘s

0.6 i

0.7 £

0.8— ;

0.9 — HOMO-11 # @O

HOMO-12 o G@-
B, B(CO), 2co

(b) )

0.1 —

Hgo—oﬁ LUMO-+3 m—

0.0 - +@<{»®¢ LuMO —_—

-0.1 —

-0.2 —

.y
m‘som].q—-—"'"

%
£-03—
E [ ]
g eoe@eoe SOMO2 - ‘
ol S omorcb i eegpes
H R ot -
]
.05
6 = © é )
0.6 ;
0.7
0.8
L ®
0.9 —| - ‘
o w‘,\‘;)y
HOMO-17
By(CO), B(CO); co

Figure 2. Bonding schemes of the open-shell singlet B,(CO), (a) and the close-shell singlet B,(CO); (b), illustrating bonding interactions between B,, B,(CO),,
and the CO ligands. The calculations were performed at the (U)CCSD(T)/6-311 + G(d)//(U)CCSD(T)/6-31G(d) level of theory.

state B,(CO); are not disjoint (Figure S3), the open-shell singlet
state is unfavored.

It can be seen from the above bonding discussions that the
electronic structure of the B, cluster can be tuned by the
coordination of CO ligands via the OC—B, ¢ donation and B,—
CO & backdonation bonding interactions. The B,(CO), complex
can be regarded as bonding of two CO ligands with an excited
state B, with one of the doubly occupied HOMO ¢ electrons
being excited to the LUMO + 2 mt orbital. The closed-shell singlet
ground state of B,(CO); can be regarded as bonding between
the CO ligands and an excited state of B, with both the HOMO
o electrons being excited to the LUMO + 2 & orbital. These 0—
1t promotions strengthen both the OC—B, o donation and B,—
CO = backdonation interactions, which result in dramatic
change of the electronic structure of the B, core. The bare B,
cluster with two fully delocalized o electrons (HOMO) and two
fully delocalized mt electrons (HOMO-1) are double aromatic.
Upon CO coordination, the delocalized ¢ electrons are excited
to the & orbital that involves B—CO m backdonation bonding,
the o aromaticity in B,(CO), and B,(CO); is thus reduced. The
aromaticities of the B, core in these complexes are character-
ized by calculating the nucleus independent chemical shift
(NICS) values. The NICS values calculated at the ring centers and
1A above are listed in Table 3. The absolute NICS values
decrease with increased CO coordination as expected.

ChemPhysChem 2022, 23, 202200060 (4 of 5)

Table 3. The nucleus independent chemical shift (NICS) values of the
ground states of B,, B,(CO),, and B,(CO); calculated at the MN12SX/aug-cc-
pVTZ level of theory.

Clusters Electronic state NICS NICS
(ring center) (1 A above ring center)
B, close-shell singlet —-323 -7.8
B4(CO), open-shell singlet —174 —-9.9
B,(CO), close-shell singlet -11.6 0.4
Conclusions

Neutral boron carbonyl complexes were generated in the gas
phase. The B,(CO); complex was characterized by infrared +
vacuum ultraviolet (IR4VUV) two-color ionization spectroscopy
and quantum chemical calculations to have a closed-shell
singlet ground state with planar C,, structure with the three CO
ligands terminally coordinated to a rhombus B, core. Bonding
analyses on B,(CO); as well as the previously reported B, and
B,(CO), indicate that the electronic structure of rhombus
tetraboron cluster changes from a close-shell singlet to an
open-shell singlet in B,(CO), and to a close-shell singlet in
B,(CO),;, demonstrating that the electronic structures of boron
clusters can be effectively tuned via sequential CO ligand
coordination.
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